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Abstract—This paper presents a new approach to enhance the
dynamic responses of AGC in power systems by means of heuristic
optimization of VSC-HVDC supplementary controllers. The upcom-
ing power electronics-based VSC-HVDC transmission systems offer
new features that would be advantageous for improving the frequency
control and thus for enhancing the stability of the transmission grids.
In this paper, the parameters of the proposed control modulation are
tuned using Genetic Algorithm and Simulated Annealing methods.
The performance of the proposed intelligent based tuning approach
is assessed through MATLAB simulations for an AC/DC intercon-
nected system. For the sake of detailed analysis, the effects of PLL
and frequency measurements are also included in the VSC-HVDC
system modeling. Furthermore, to show merits of the proposed strat-
egy, a comparison between AC and DC transmissions is presented.
1. INTRODUCTION
Advancements in power electronic equipment and the solu-
tions with VSC-HVDC technology have great potentials to
manage modern power systems with better stability and
more transmission capacity. This issue becomes more impor-
tant especially when new trends like AC power deregula-
tion and competitive markets with high penetration of power
electronic-based equipment in the modern power systems are
taken into account [1]. These new developments in the power
system restructuring require innovations in various parts of the
power system, especially in the transmission networks, as its
reliability plays a critical role in this new deregulated environ-
ment [2, 3].
The need for transmitting power over long distances with
lower losses and higher stability of the grid has been always
among the main challenges [4–6].
In modern power systems with high penetration of renew-
able resources, a long distance transmission for transferring
the power between synchronized or unsynchronized areas will
NOMENCLATURE
ACE area control error
AGC automatic generation control
apf area participation factor
β frequency bias
f frequency
HVDC high-voltage direct current
LFC load frequency control
PCC point of common coupling
R droop characteristic
SPMC supplementary power modulation controller
VSC voltage source converter
PLL phase locked loop
TDC time constant of HVDC system
TT-G time constant of GENCO (turbine-governor unit)
T12 tie-line synchronizing coefficient between Areas
1 and 2
Tp power system equivalent time constant
Kp power system equivalent gain
Ptie,DC deviation of modulated power by DC link
Ptie,AC deviation of AC tie-line power
Ptie,12 net tie-line power flow between Areas 1 and 2
Pd load change
Pm output of each GENCO
TDC time constant of DC link
be very important [7, 8]. The AC transmission systems have
various limitations such as the Ferranti effect in long trans-
mission lines, the capacitive effect of transmission lines, the
influence of the line inductance, and the issue of the stabil-
ity of interconnected power systems [4, 5]. In long transmis-
sion lines based on HVAC cables, the problem of reactive
power due to the HVAC cable charging is a critical issue.
In addition, the length of these cables limits the ability of
active power transmission, which decreases as the length of
the line increases [9]. On the other hand, the HVDC transmis-
sion system has many advantages, which can provide solutions
to existing problems in AC systems and thus increase the sta-
bility of the system [5, 6]. VSC-HVDC systems provide better
grid connection solution for weak grids and unsynchronized
AC systems. The VSC stations of the HVDC system can work
in both directions; it provides efficient voltage control with a
better power flow controllability [9–11]. Challenging projects
usually include integration of large-scale offshore wind farms,
which are located far from shore for instance in case of North
Sea, or the integration of solar energy from the Middle East
and North Africa to their main grid [12]. In those projects, it
is claimed that DC transmission systems are more technically
and economically convenient than AC transmission systems
[12]. In parallel with increasing application of HVDC links,
the coordination of DC link with the rest of AC power grid
will be very important, and AGC system is one of the tools
that can facilitate the coordination of HVDC system with the
rest of AC areas.
The requirements in the frequency control and the net
power interchange in a multi-area interconnected power sys-
tem are settled by the AGC [13, 14]. Its concept was dis-
cussed in many literatures, and different control strategies are
applied for better performance of the AGC systems [15–20].
The main goal of the LFC in a power system is to maintain the
frequency of each area and tie-line power flow (in intercon-
nected system), within specified tolerance, by adjusting the
power outputs of the generators to accommodate the fluctu-
ating load demands [13, 14]. By means of taking advantage
of the fast power control capability of VSC-HVDC systems
together with the implementation of a suitable supplementary
controller to modulate the DC power transfer, based on AC
system signals, it would be feasible to simultaneously achieve
the main objectives of the AGC. Parallel AC/DC links are one
of the main promising solutions of this type of coordination
for improving the dynamic performance of the system [21].
In the literature, the AGC of a two-area power system inter-
connected via AC/DC parallel links is carried out with differ-
ent control approaches to bring better dynamic responses [21,
22]. However, none of them considered a complete dynamic
model of DC link for AGC application. In the presented
research work, the part related to PLL dynamics and fre-
quency measurements of VSC-HVDC stations is also miss-
ing.
The PLL is typically utilized for angle reference gener-
ation for the traditional line-commutated converter (LCC)-
based HVDC and the emerged VSC-based HVDC transmis-
sion applications [23]. This angle reference is used for gener-
ating the firing pulses to the insulated-gate bipolar transistor
(IGBT) switches of the VSC stations. Results of the recent
research work show that the gains of the PLL parameters can
significantly affect the operation of the VSC-HVDC converter
stations. The efficiency and maximum power limits of VSC-
HVDC system can be affected by PLL PI controller gains and
the system damping [23, 24].
In this paper, in order to improve the LFC performance and
avoid HVAC limitations, a new supplementary modulation
controller (SMC) for a VSC-HVDC system proposed consid-
ering the dynamic model of frequency measurements in LFC
FIGURE 1 The configuration of the power system with added
VSC-HVDC link.
interconnected system. All the parameters of proposed mod-
ulation controller are tuned by Genetic Algorithm (GA) and
Simulated Annealing (SA) intelligent methods based on min-
imization of a defined objective function in AGC model. Fur-
thermore, in order to include the dynamic effects of PLL and
the delays in the measurements, a more detailed model is con-
sidered by adding additional transfer functions for modeling
of the dynamic of the PLL.
2. INTERCONNECTED AC/DC SYSTEM
As shown in Figure 1, the analyzed system in this paper is
a two-area system with one parallel AC/DC link. Each area
contains two generation companies (GENCOs) and one Dis-
tributed company (Disco). The control strategy is based on the
minimization of the ACE in each area. The equivalent model
of this system can be represented in differential form as fol-
lows:
ACE1 = β1 f1 + P12 (1)
ACE2 = β2 f2 + P21 (2)
where, β1 and β2 are the frequency biases for each area and
P12 is the total tie-line power exchange between two areas:
Ptie,12 = Ptie,DC + Ptie,AC (3)
 f = factual − fscheduled (4)
Considering f as system frequency, while PAC and PDC
are the AC and DC tie-line power flow, respectively [16].
For modeling of interconnections between different areas
in multi-area AGC system, the tie-line power change between
two interconnected areas (Areas 1 and 2) is presented as fol-
lows:
Ptie,AC = T12
s
[ω1 − ω2] (5)
where T12 is the synchronization coefficient between areas.
Therefore, the state-space presentation for the frequency
deviation for ith area (i = 1,2) can appear as follows:
ω1 = Kp1
1 + sTp1
[
Pm1 + Pm2 − PL1 − Ptie,12
]
(6)
ω2 = Kp2
1 + sTp2
[
Pm3 + Pm4 − PL2 + Ptie,12
]
(7)
where PLi (i = 1, 2) is local load deviation, Kpi is the
power system gain, Tpi is the power system time constant,
Pmk (k = 1 : 4) is the output of generation units and Kpi =
1
Dsys−i
,Tpi = Msys−iDsys−i =
2Hsys−i/ω0
Dsys−i
.
Considering that Hsys−i and Dsys−i are inertia and damp-
ing, respectively. The rest of the variables can be defined as
follows:
Pm1 = 1
1 + sTtg,1
[
ω1
R1 × 2π − KI1ap f 1Pref1
]
(8)
Pm2 = 1
1 + sTtg,2
[
ω2
R2 × 2π − KI2ap f 2Pref1
]
(9)
Pm3 = 1
1 + sTtg,3
[
ω3
R3 × 2π − KI3ap f 3Pref2
]
(10)
Pm4 = 1
1 + sTtg,4
[
ω4
R4 × 2π − KI4ap f 4Pref2
]
(11)
where Rk (k = 1 : 4) is considered as droop for each GENCO,
Ttg is the overall time constants of turbine and governor in
each GENCO and is equal to (Ttik + Tgik ) [5]. The reference
of generation units in ith area will be based on ACE and could
be considered like this:
Pref1 = ACE1
s
= 1
s
[
β1
2π
ω1 + Ptie,12
]
(12)
Pref2 = ACE2
s
= 1
s
[
β2
2π
ω2 − Ptie,12
]
(13)
The amount of DC power exchange (Ptie,DC ) will be based
on SPMC, which is explained in Section 3.
3. DESIGN OF SUPPLEMENTARY POWER
MODULATION CONTROLLER FOR THE
VSC-HVDC LINK
A novel designed bidirectional power modulation controller
is proposed to control the DC power flow through the VSC-
HVDC link in a two-area power system. The DC link in this
case, thanks to the utilization of VSC-HVDC technology, acts
as a bidirectional line that includes two converter stations, one
performing as a rectifier at the sending side, and the other
performing as an inverter at the receiving end [6, 7]. In the
first part of this section, general information about the VSC-
HVDC system structure applied in this case is reviewed, and
FIGURE 2 The schematic diagram of applying a SPMC to
the power system with parallel HVAC and VSC-HVDC links.
finally, the new design based on including a SMC for a bidi-
rectional VSC-HVDC system in a multi-area power system is
explained.
3.1. VSC-HVDC System
A general configuration of the VSC-HVDC system is shown
in Figure 1. As depicted in this figure, it consists of four basic
parts such as DC link capacitors, AC/DC and DC/AC con-
verters, transformers, and a DC cable. Industrial plants are
connected to the VSC-HVDC system at a point of common
coupling (PCC) [6].
3.2. Supplementary Power Modulation Controller
The block diagram of the supplementary power modulation
controller for modeling of the VSC-HVDC for LFC study is
shown in Figure 2.
This controller modulates both frequency and active power
by processing the frequency signal obtained from the local
measurements. The objective of this study is to damp the crit-
ical low frequency inter-area or local modes that can affect
the stability of the whole system during load changes. The
power flow through the VSC-HVDC link is modulated based
on the measured frequency at the two sides and based on the
AC power flow rate of change between the interconnected con-
trol areas.
In this study, the dynamics of HVDC power electronic parts
are neglected because the time constant of electronic parts is
much smaller than that involved in dynamic analysis of large-
scale power system. Each converter station can be modeled as
a first-order transfer function consisting of a proper time con-
stant, which is related to control blocks presented in Figure 3.
For an HVDC system with two VSC stations, the second-order
transfer function will be approximated by the equivalent first-
order transfer function, imitating the overall time response of
FIGURE 3 Block diagram of the HVDC system.
HVDC system as follows:
1
1 + sT1 ×
1
1 + sT2 =
1
1 + (T1 + T2)s + (T1T2)s2
∼= 1
1 + sTDC (14)
where T1 and T2 are the time constants of converters and TDC
is the equivalent time constant of the overall HVDC control
system (TDC = T1 + T2 ).
Therefore, the incremental power flow through the HVDC
transmission system can be modeled by a linear first-order
model with a proper time constant as follows:
TDC
dPtie,DC
dt
= xDC − Ptie,DC (15)
where xDC is the reference control signal of DC power and
Ptie,DC will be the real DC power flow through the system.
In this paper, SMC is designed not only to improve the perfor-
mance of power system during load changes, also to increase
the capability of the steady-state power transferring between
the two AC interconnected systems.
A major feature of such supplementary controller is that
it utilizes signals obtained from local measurements. These
measurements will be used to synthesize the control signal
for operation of higher level control of HVDC coordination,
leading to damp the critical inter-area modes [4].
If the frequency deviations are monitored, it can be used as
a control signal for the VSC-HVDC unit to control the power
flow by changing the duty cycles of bidirectional converters,
as explained in [7, 18]. Since the VSC-HVDC is a bidirec-
tional line, the frequency in both areas must be monitored.
Therefore, a feedback scheme is configured using two measur-
able signals, frequency deviations for each area and the power
deviation in the AC tie-line transmission link. The proposed
coordinated control strategy for this kind of VSC-HVDC link
can be written as follows:
xDC = Kf 1ω1 + Kf 2ω2 + KACPtie,AC (16)
where the XDC is the control signal for the DC link, while
Kf1, Kf2, and KDC are the control gains. The HVDC link can
FIGURE 4 A typical control structure of grid-connected
converters.
be presented in Laplace domain as follows:
Ptie,DC = GpxDC (17)
Gp = 1
1 + sTDC (18)
where TDC is the time constant of the VSC-HVDC system.
4. DYNAMIC EFFECTS OF FREQUENCY
MEASUREMENTS
4.1. Model of PLL Dynamics
The PLL is the most commonly utilized method for synchro-
nizing the converter to the grid and measuring the grid fre-
quency. Its dynamics can be approximated by a first-order or
second-order model [24, 25]. A general control structure of
grid-connected converter with DC link and PLL is shown in
Figure 4. As shown in Figure 4, reference values for active and
reactive powers are coming from high-level control actions
like droop frequency control. Related current references can
be obtained based on the concept of Instantaneous Active-
Reactive Control in the reference generation block [25].
The inner current loop controller is used for providing the
reference voltage for converter. The angle of the grid voltage
is provided by a PLL. This PLL can be used for estimating
the frequency. This estimation is vital for proper action of the
inner current controller. The power references are generated
by the higher level control of the interconnected power sys-
tem.
In this study, in order to evaluate the dynamic effects of
PLL and the delay in the measurements, a more detailed
model is considered by adding additional transfer functions
that model the dynamics of PLL and delayed measurements
in the HVDC dynamic transfer function. A proper second-
order transfer function imitating the dynamics of a PLL can
be written in a normalized way as follows:
HPLL (s) = 2ζωns + ω
2
n
s2 + 2ζωns + ω2n
(19)
where
ωn =
√
kp
Ti
and ζ =
√
kpTi
2
(20)
kp and Ti are the gain and time constant of the filter used in
the PLL block.
The approximated time constant of this second-order func-
tion can be considered τ = 1
ζωn
for 1% of steady-state
response [25]. In Figure 5, the total damping and frequency of
oscillations for the studied system are presented for different
values of PLL time constant. It is clear that the time constants
less than 0.5 sec will bring better responses. Therefore, it is
assumed that ζ is equal to 1.5 and ωn is equal to 3.5 Hz. It
means that the time constant of PLL, for this study, is around
0.2 sec, which will bring an acceptable performance for the
system.
4.2. System Modeling Considering the PLL
Measurement Dynamics
Although several techniques are proposed for estimating the
frequency, PLL is the most commonly used in practice. In
this paper, the model presented in Figure 2 is modified by
adding two second-order transfer functions for studying PLL
dynamics. The modified model of parallel AC/DC intercon-
nection with PLL is shown in Figure 6. As explained earlier,
in the second-order transfer function, there is one zero in the
FIGURE 5 Effect of PLL time response on the system characteristics: (a) total damping of modes and (b) total frequency of modes.
FIGURE 6 The schematic diagram of parallel AC/DC system
with PLL measurements.
numerator. This zero will exhibit some overshoots in the sys-
tem responses.
In order to analyze the system including PLL, all the equa-
tions should be transferred into the state-space equation of
global two-area system. The relationship between input and
output signals in this second-order system could be identified
as follows:
y˙ + 2ζωny˙ + ω2ny = 2ζωnu˙ + ω2nu (21)
The input signal u (t ) is the grid frequency ωi , which is
related to other state of the global multi-area system, and the
output signal will consist of two states variables.
y =
[
x1,P
x2,P
]
(22)
Based on classic control concepts, this second-order system
can be represented by a set of two linear state equations.[
x˙1,P
x˙2,P
]
=
[
0 1
−ω2n −2ζωn
][
x1,P
x2,P
]
+
[
0 0
2ζωn ω2n
][
u˙
u
]
(23)
Therefore, considering the input signals (ωi ) for ith area
(i = 1 : 2 ) of two-area interconnected system, complete state
equations of these new states can be stated as follows:
x˙1,Pi = x1,Pi (24)
x˙2,Pi = β1,iωi + β2,iPmj + β3,iPtie,AC + β4,iPDC
+β5,ix1,Pi + β6,ix2,Pi + β7,iPLi (25)
FIGURE 7 Proposed model for the HVDC interconnected system with PLL dynamics.
where
β1,i = −2ζiωni
Tpi
+ ω2ni, β2,i =
2ζiωniKpi
Tpi
β3,i = −2ζiωniKpi
Tpi
, β4,i = −2ζiωniKpi
Tpi
β5,i = −ω2ni, β6,i = −2ζiωni, β7,i =
−2ζiωniKpi
Tpi
The complete model of two-area system with parallel
AC/DC link and PLL dynamics is presented in Figure 7.
Therefore, based on presented materials, for adding a new
second-order system for each PLL and its communication
delays, the linearized mathematical presentation of the stud-
ied two-area system can be extracted as follows:
x˙ = Ax + Bu (26)
where A is the new state matrix, considering the dynamics of
PLL and measurements in the system with parallel AC/HVDC
link control:
A =
[
A11 A12
A21 A22
]
,B =
[
B11
B21
]
(27)
Matrix A has 14× 14 dimension, and B has 14× 2 dimension.
All the sub-matrices of (26) are as follows:
A11 =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
−1
Tp1
0
Kp1
Tp1
Kp1
Tp1
0 0 0 0
−Kp1
Tp1
−Kp1
Tp1
0
−1
Tp2
0 0
Kp2
Tp2
Kp2
Tp2
0 0
Kp2
Tp2
Kp2
Tp2
−1
2πR1(Tt1 + Tg1) 0
−1
(Tt2 + Tg2) 0 0 0
−KI1 ap f 1
(Tt1 + Tg1) 0 0 0
−1
2πR2(Tt2 + Tg2) 0 0
−1
(Tt2 + Tg2) 0 0
−KI1 ap f 2
(Tt2 + Tg2) 0 0 0
0
−1
2πR3(Tt3 + Tg3) 0 0
−1
(Tt3 + Tg3) 0 0
−KI2 ap f 3
(Tt3 + Tg3) 0 0
0
−1
2πR4(Tt4 + Tg4) 0 0 0
−1
(Tt4 + Tg4) 0
−KI2 ap f 4
(Tt4 + Tg4) 0 0
β1
2π
0 0 0 0 0 0 0 1 1
0
β2
2π
0 0 0 0 0 0 −1 −1
T12
2π
−T12
2π
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
KAC
TDC
−1
TDC
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
× (10 × 10)
A12 =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
Kf 1
TDC
Kf 1
TDC
Kf 2
TDC
Kf 2
TDC
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(10×4)
,
A21 =
⎡
⎢⎢⎢⎢⎢⎣
0 0 0 0 0 0 0 0 0 0
β1,1 0 β2,1 β2,1 0 0 0 0 β3,1 β4,1
0 0 0 0 0 0 0 0 0 0
0 β1,2 0 0 β2,2 β2,2 0 0 −β3,2 −β4,2
⎤
⎥⎥⎥⎥⎥⎦
(4×10)
A22 =
⎡
⎢⎢⎢⎢⎢⎣
0 1 0 0
β5,1 β6,1 0 0
0 0 0 1
0 0 β5,2 β6,2
⎤
⎥⎥⎥⎥⎥⎦
(4×4)
,
B11 =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
−Kp1
Tp1
0
0
−Kp2
Tp2
0 0
...
...
0 0
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(10×2)
,
B21 =
⎡
⎢⎢⎢⎣
0 0
β7,1 0
0 0
0 β7,2
⎤
⎥⎥⎥⎦
(4×2)
The control parameters of SPMC in (16) that are imple-
mented in the proposed model with PLL and delay function
can be obtained using optimization theory. Usually, it is possi-
ble to define a cost function for obtaining the optimum values
for these control gains. This issue is discussed in detail in the
following section.
5. PARAMETERS TUNING FOR SPMC BY
HEURISTIC METHODS
This part centered on optimal tuning of modulation controllers
for two-area LFC and tie power control using heuristic meth-
ods of GA and SA algorithms.
In the optimization methods, the first step in parameter tun-
ing is defining a performance index for optimal search. In this
study, the performance index used for optimization is defined
by the Integral of Time multiply Absolute Error (ITAE) of the
frequency deviation and ACE of both areas. Accordingly, the
objective function J is set to be:
J =
∞∫
0
t (| f1| + | f2| + |ACE1| + |ACE2|) dt (28)
Based on this objective function, the optimization problem
can be stated as minimization of J subject to these positive
parameters:
Kminf 1 ≤ Kf 1 ≤ Kmaxf 1
Kminf 2 ≤ Kf 2 ≤ Kmaxf 2
KminAC ≤ KAC ≤ KmaxAC(
Kf 1,Kf 2,KAC
) ≥ 0 (29)
It should be mentioned that the final goal of this intelli-
gent based optimation is control of frequency and inter-area
tie power with proper oscillation damping and also obtaining a
decent performance under different operating conditions with
various load demands.
FIGURE 8 Flowchart of GA algorithm.
5.1. Genetic Algorithm
GAs are based on the biological gene when a group of solu-
tions evolved through natural selection. Preparing the initial
population for the GA algorithm will be based on many chro-
mosomes considering their limits. A flowchart for running the
GAs is shown in Figure 8.
The suitable solution for these populations will be achieved
through the other genetic operations such as reproduction,
crossover, and mutation. Different population members are
assigned different reproduction rates proportional to their fit-
ness. It should be noted that the population size should be
large enough to provide appropriate genetic structures. After
each iteration, the best individual will survive during the opti-
mization process. Additional details on the GA for this appli-
cation are available in [26].
As shown in Figure 9, the parameters of SPMC are opti-
mized by stimulating a disturbance (step load change) to the
system. The parameters with minimum variation on frequency
oscillation of both areas are selected via iterative GA process.
In this paper, Reference [27] is used as a fitness function in
GA search process. The GA parameters that are used in this
research are presented in Table 1.
FIGURE 9 Design procedure with GA.
5.2. Simulated Annealing
SA method, introduced by Kirkpatrick et al. [27], was applied
to find global optimum solutions in the constrained optimiza-
tion problems. Principal of this technique is based on the for-
mation of crystals in solids during cooling from the melted
sate to the low-energy ground state. This method has a kind of
analogy with thermodynamics, specifically with the way liq-
uids freeze and crystallize or the way metals cool and anneal.
For simulating the annealing process of metals, the material
is considered a system of particles. After each neighborhood
search, if a better solution can be found, the new configura-
tion replaces the old one. Otherwise, the new one is accepted
with the Boltzmann probability of e−C/T where the C is
the reduction of the performance and T is temperature that
decreases by time based on a defined decrease factor.
The general structure of SA algorithm is presented in
Figure 10. The temperature is considered a control parame-
ter in SA that is decreased gradually as the algorithm pro-
ceeds. It determines the probability of accepting a worse solu-
tion at any step and is used to limit the extent of the search
in a given dimension. The annealing schedule is the rate by
which the temperature is decreased as the algorithm proceeds.
The slower the rate of decrease, the better the chances are of
finding an optimal solution, but with the longer the run time.
The parameters of SA method in this study are presented
in Table 2.
Population size 100
Selection function Stochastic uniform
Mutation function Constraint dependent
Crossover function Scattered
Migration Forward
Generation 70
TABLE 1. Genetic algorithm parameters
FIGURE 10 Flowchart of SA algorithm.
6. SIMULATION RESULTS
In order to evaluate the impacts of the power modulation con-
troller of the VSC-HVDC link against load variations, simu-
lations are performed for one scenario of possible operating
conditions and large load demands.
Iterations 450
Initial temperature 100
Decreasing factor for
temperature 0.95
Annealing function Boltzmann
Initial values [0.06 0.001 0.06]
TABLE 2. Simulated annealing parameters
Parameters Areas 1 and 2
TT (sec) 0.32
TG (sec) 0.07
R (Hz/p.u.) 2.10
KP (p.u./Hz) 102
TP (sec) 25
β (p.u./Hz) 0.425
T12 (sec) 0.34
TDC (sec) 0.2
KI 1,2 0.710
TABLE 3. Simulated parameters for both areas
In this scenario, the performance of the proposed parallel
AC-DC transmission system is compared with that of con-
ventional AC tie-line system. Simulations are performed with
MATLAB platform, and the power system parameters are
given in Table 3 [4].
In the first step, it is assumed that the load in Area 1 is
suddenly increased about 0.03 p.u.MW at t = 5 sec and all
generators participate in LFC defined by the following apf:
ap f 1 = 0.75, ap f 2 = 1 − ap f 1 = 0.25
ap f 3 = 0.5, ap f 4 = 1 − ap f 3 = 0.5
The results for this case are given in Figures 11–17 and
Table 4. The optimization toolboxes from MATLAB are
used to solve the present optimization problem [28]. Specif-
ically, we used the Find minimum of constrained nonlinear
multi-variable (FMINCON) solver as a classical optimiza-
tion, which implements the sequential quadratic programming
(SQP) method and the interior-point method for nonlinear
programming problems. The gradients of the objective and
constraint functions are provided as the user-defined functions
[29]. This method is one of the conventional methods that
FIGURE 11 Performance index for genetic algorithm.
Parameters GA SA Conventional
Kf1 0.29 0.35 0.20
Kf2 −0.08 −0.07 0.085
KAC 3.67 4.23 2.127
Fitness Value 102.62 98.45 112.46
TABLE 4. Results of control design
are very sensitive to the correct selection of initial values of
parameters. This method can be easily trapped in local mini-
mums. All the obtained results from GA and SA are compared
with this conventional one. The controller values obtained
from the design of the power modulation controller are shown
in Table 4.
The heuristic-based approaches are compared with clas-
sical optimization approach. As a result, the performance
index for the GA and SA, FMINCON algorithms are given
in Figures 11–13, respectively. It can be seen from Table 4
and the following figures that the cost function has reduced by
using heuristic methods.
The frequency deviations of two areas are presented in
Figure 14. In all the figures, there are two main comparisons.
The first is between a system with AC interconnection and
that with a parallel AC/DC links. The second comparisons in
the figures are related to performance evaluation for various
optimization techniques for parameter tunings in the proposed
AC/DC system.
It is clear that the initial system with standard AC tie-
line has a huge oscillation, while applying the proposed
tuned AC/DC interconnection will improve significantly the
dynamic responses of the system. As shown in Figure 14,
dynamic responses are improved effectively, and the fre-
quency deviation of all areas and the frequency deviations are
FIGURE 12 Performance index for simulated annealing (SA)
algorithm.
FIGURE 13 Performance index for the classical FMINCON
algorithm.
quickly driven back to zero. In addition, it is clear that the
effects of heuristic tuning by GA and SA are better than clas-
sical FMINCON method. It should be noted that initial val-
ues for running the classical FMINCON method made several
limitations, and it easily falls into a local minimum solution.
In addition, as shown in Figures 15 and 16, the magnitude
of the oscillations in tie-line power is also suppressed by the
VSC-HVDC link. Figure 10 shows that the necessary power
capacity of power modulation controller is about 0.022 p.u.
MW), which is less than the size of load change (0.03 p.u.
MW). This result clearly confirms the positive effects of
HVDC link to increase the stability and the capacity of trans-
mission line between two areas.
The turbine power deviations of GENCOs are shown in
Figures 17(a)–(d). In these figures, the performance of the
system for different heuristic based optimization are pre-
sented and compared. The actual generated powers of the
generators are improved considerably by VSC-HVDC link
as depicted in these figures, and according to their apf, the
FIGURE 15 AC tie-line power deviation.
FIGURE 16 DC tie-line power deviation.
powers properly converge to the desired value in the steady
state.
Moreover, to examine the effectiveness of the proposed
model on response improvements, eigenvalues analysis is pre-
sented in Table 5. It is observed that with utilization of a paral-
lel AC/DC model, the oscillations are damped out better, and
as a result, the dynamic responses will be improved.
FIGURE 14 Frequency deviation of (a) Area 1 and (b) Area 2.
FIGURE 17 The deviation of turbine power of generators: (a) GENCO1, (b) GENCO2, (c) GENCO3, and (d) GENCO4.
7. CONCLUSION
In this paper, in order to show the positive effects of VSC-
HVDC links to the interconnected power systems, a new
SMC is proposed for modeling the effects of a bidirectional
VSC-HVDC link in parallel to AC tie-line. Then, for param-
eter tuning of the proposed model, a suitable fitness func-
tion with some constraints is used through various optimiza-
tion techniques. In this part, GA and SA were proposed as
heuristic methods and are compared with a classic optimiza-
tion method. Simulations were performed for two-area power
system with one of the possible scenarios with large load
variations.
Based on the simulation results and comparisons between
HVAC transmissions and HVDC systems, it has been clear
that the use of HVDC transmission lines in parallel with
HVAC transmission lines increases the strength and the sta-
bility of the system. It is clear that by means of the proposed
model, a bidirectional power flow control is available, and
because the DC interconnection provides an adequate power
exchange, reduction of frequency deviations for tested system
will be achieved if the control gain is tuned properly. In addi-
tion, the results show that heuristic optimization methods have
merits compared with the classic FMINCON method, espe-
cially when the classic method strongly affects initial parame-
ter values and easily falls into the local minimums.
The results produced by GA and SA are the same. How-
ever, in terms of computation time performance, SA is better
than GA.
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